Chronic kidney disease (CKD) is a global public health problem, affecting over 10% of the world's population and more than half of the population aged over 70 years, imposing major costs on healthcare systems. Although the primary causes of CKD include various diseases such as diabetes, glomerulonephritis, and acute kidney injury (AKI), the progression of CKD is mediated by a common pathological pathway, which is mainly characterized by fibrosis and chronic inflammation. In this process, resident fibroblasts in the kidney play crucial roles. Accumulating evidence highlights the existence of functional heterogeneity and plasticity of fibroblasts and their diverse roles in kidney disease progression and resolution. In addition to renal fibrosis, renal anemia and peritubular capillary loss, two major complications of progressive CKD, are also caused by dysfunction of resident fibroblasts. Furthermore, age-dependent alterations in fibroblast behavior also contribute to age-dependent unique pathological conditions. In this article, we describe the current understanding regarding the behaviors of fibroblasts in the kidney in health, disease, and aging.
Introduction
Chronic kidney disease (CKD) is recognized as a global public health concern because of its high prevalence and mortality. 1) CKD affects more than 10% of the world's population and more than half of the population aged over 70 years. In addition to progression to end-stage kidney disease requiring transplantation or dialysis, CKD is a strong and independent risk factor for cardiovascular diseases (CVD), which occur before progression to end-stage kidney disease. 2) , 3) Despite its clinical relevance, however, current treatment options for CKD are limited, and the development of novel therapies for CKD has been the subject of intense research in recent years.
Although CKD results from multiple diseases, such as diabetes, hypertension, and glomerulonephritis, the progression of CKD is mediated by a common pathological pathway irrespective of etiology. 4) Although multiple types of cells are involved in common pathological conditions, resident fibroblasts play crucial roles in this process. In response to injury, fibroblasts in the kidney not only transdifferentiate into myofibroblasts and execute fibrosis, but also drive inflammation-associated pathology in some cases, and can play beneficial roles in regeneration. In this article, we describe the current understanding of the pathophysiology of kidney diseases, with a focus on resident fibroblasts.
Resident fibroblasts in the kidney
Fibroblasts are spindle-shaped cells with multiple projections residing in the interstitial space that are essential for organ architecture and homeostasis under physiological conditions. Although commonly used markers for resident fibroblasts in the kidney include platelet-derived growth factor receptor O (PDGFRO) and CD73, these markers are not homogeneously expressed by resident fibroblasts in the kidney. Therefore, resident fibroblasts are detected by their anatomical localization in the interstitial space, expression of the above markers, and the absence of markers for other cell lineages, such as pan-white blood cell marker CD45. 5) Although fibroblasts are present in essentially all tissues and their basic functions such as regulation of extracellular matrix (ECM) are conserved across tissues, they are highly adapted to the tissue they reside in and they fulfill tissue-specific functions. 6) In the kidney, for instance, a subpopulation of fibroblasts produces erythropoietin (EPO), a glycoprotein hormone that is essential for erythropoiesis, in a hypoxia-dependent manner, playing a crucial role in maintaining homeostasis. 7) Unlike most hematopoietic growth factors, which are produced by bone marrow cells in the vicinity of their target cells, EPO is produced mainly in the kidney during adulthood. One of the reasons for this unique localization of EPO-producing cells is that, although the kidneys receive 25% of cardiac output, the oxygen tension in the kidney tissue is low, which renders the kidney more sensitive to changes in oxygen delivery compared with other tissues and is a suitable site for EPO production. 7) Although the essential role of EPO has been well established, the behavior and developmental origin of EPO-producing cells and other fibroblasts in the kidney have not been fully elucidated. Based on two notable observations that EPO-producing cells express neural markers 8) and that neural crest-derived cells contribute to the interstitium of the developing kidneys, 9) we conducted a lineage-tracing study utilizing myelin protein zero (P0)-Cre mice, which labels migrating neural crest. 10) P0-Cre lineagelabeled cells were detectable in the renal interstitial spaces and were positive for fibroblast markers, PDGFRO and CD73, and more than 98% of interstitial fibroblasts in the renal cortex and outer medulla, including EPO-producing cells, were lineage labeled with P0-Cre. 11) This indicates that most of the resident fibroblasts in the renal cortex and outer medulla are P0-Cre lineage-labeled cells. Among P0-Cre lineage-labeled resident fibroblasts in the kidney, up to 10% produced EPO in severe anemic conditions. A subsequent study utilizing EPO-Cre mice also revealed that most resident fibroblasts in the kidney had the potential to produce EPO. 12) However, resident fibroblasts in the kidney are not lineage-labeled with Wnt1-Cre, another Cre mouse line labeling neural crest, and the kidney in Splotch (Sp 2H /Sp 2H ) embryo, which has a neural crest defect in the lumbo-sacral region, develops normally. 13) The reasons for these discrepancies remain elusive, although a difference in the efficiency and timing of labeling neural-crest derived cells between both Cre lines has been suggested. 11) A subsequent study revealed EPO production by certain subpopulations of neural crest cells, 14) suggesting a possible link between the kidney and neural crest. Further studies will be required to address these points.
Renal fibrosis as a common pathological feature of CKD
Renal fibrosis is the most common and significant pathological finding in all forms of CKD, which is defined as the accumulation of ECM proteins in the interstitial space ( Fig. 1 ). 5), 15) Abnormal ECM expansion in the renal interstitium expands the space between the tubular basement membrane and peritubular capillaries, and distorts organ architecture. These alterations disturb normal blood supply and decrease renal oxygenation, which in turn promote fibrosis through various cytokine signaling pathways, forming a vicious cycle and leading to renal function decline. 4) Indeed, renal fibrosis in the cortex has been recognized as the best histological predictor of renal dysfunction in CKD. 16) Although multiple cell types participate in fibrosis development and progression, the development of myofibroblasts is a critical step for renal fibrosis irrespective of the underlying etiology. 15 ), 17) Myofibroblasts are the cell types that secrete greater levels of interstitial ECM and express contractile genes such as ,-smooth muscle actin (,SMA), which enable them to contract and enclose an injured area. Although the origin of myofibroblasts in the kidney has been controversial over past decades, 5) recent evidence from genetic lineage-tracing analysis revealed that resident fibroblasts and pericytes represent the primary precursors of myofibroblasts, 11), 18) although mesenchymal stem cells 19) and fibrocytes, 20) circulating fibroblast progenitor cells, also play a role. 5) In the kidney, fibroblasts and pericytes are highly overlapped, as demonstrated by lineagetracing experiments utilizing P0-Cre and Foxd1-Cre mouse lines, which label fibroblasts and pericytes, respectively. 5) In our previous study, we demonstrated that, in response to injury, P0-Cre lineage-labeled resident fibroblasts in the kidney transdifferentiated into ,SMA-positive myofibroblasts and executed fibrosis in several kidney injury models. 11) Indeed, most myofibroblasts were lineage-labeled with P0-Cre, indicating the major contribution of this population. On the other hand, in bone marrow transplantation experiments utilizing ,SMA-RFP mice, LeBleu et al. reported that 35% of ,SMApositive myofibroblasts were bone marrow derived, 21) though the activity of short transgenic reporters utilized in the study has been questioned. 22) Although a contribution of fibrocytes to ,SMA-positive myofibroblasts in renal fibrosis has been controversial, a recent study utilizing single cell RNA sequencing (scRNA-seq) and parabiosis models have demonstrated that fibrocytes contribute a small fraction of myofibroblasts in renal fibrosis, whereas most myofibroblasts are derived from resident fibroblasts. 23) Of note, renal anemia and peritubular capillary loss, which are common complications of CKD, are also caused by dysfunction of fibroblasts. Renal anemia is caused mainly by the relative deficiency in EPO production, and exogeneous recombinant human EPO has been widely used as a treatment for patients with renal anemia. 6) In parallel to CKD progression, relative EPO deficiency becomes more common, and this deficiency becomes almost universal in patients with end-stage kidney disease. 24) Although it has been debated for a long time whether the relative EPO deficiency in patients with CKD is derived from an absolute loss or a functional disturbance of EPO-producing cells, we demonstrated that EPO-producing cells also transdifferentiated into myofibroblasts in response to injury at the cost of EPO production. 11) Notably, the phenotypic changes were reversed by the administration of a selective estrogen receptor modulator. 11) Furthermore, we also demonstrated that the administration of neuroprotective reagents such as neurotrophins or renoprotective reagent HGF restored the ability to produce EPO in myofibroblasts, but these did not attenuate the production of ECM, suggesting that the acquisition of pathological matrix gene expression and suppression of EPO expression in myofibroblasts can be dissociated and regulated independently. In a later study, Souma and colleagues demonstrated that short-term NF5B activation suppressed EPO expression but did not induce ,SMA and collagen expression in myofibroblasts, whereas TGFO induced ,SMA and collagen expression but failed to suppress EPO expression in myofibroblasts. 12) Destruction of peritubular capillaries is detectable in all types of CKD and also becomes more frequent in parallel with CKD progression. Peritubular capillary loss has been considered as a strong driving force of CKD progression, because it leads to chronic hypoxia, the final common pathway by which CKD progresses to end-stage kidney disease. 4) In physiological conditions, fibroblasts wrap peritubular capillaries with their multiple processes and contribute to vascular stabilization. In response to injury, however, fibroblasts detach themselves from capillaries, migrate to the site of injury, and wrap adjacent injured tubules, 25) , 26) which makes the peritubular capillary structurally unstable, leading to capillary regression and rarefaction.
Collectively, dysfunction of resident fibroblasts results in a series of clinically relevant pathological conditions common in CKD, indicating the importance of maintaining fibroblasts in healthy states.
Beneficial roles of fibroblasts
Myofibroblasts are widely accepted as the cells executing fibrosis. However, the view that the fibroblast is simply a fibrosis driver was recently challenged by several observations that suggest possible beneficial roles of myofibroblasts. We and other groups have demonstrated that, utilizing murine cell-type specific genetic ablation models, proximal tubule-specific injury alone caused fibroblast-to-myofibroblast transdifferentiation, suggesting that injured proximal tubules trigger fibrosis. 27), 28) We also showed that proximal tubule injury alone caused a reduction in EPO production, which was also caused by fibroblast-to-myofibroblast transdifferentiation. A recent study utilizing an in vivo imaging technique showed that in response to laser-induced tubular cell ablation, remaining proximal tubular cells migrated to the injury site and regenerated damaged proximal tubules. 25) Consistent with this, by employing a genetic fate mapping technique several groups, including ours, have also demonstrated that with injury lost epithelial cells are replaced by proliferation of epithelial cells that have survived the injury. 29)-31) Of note, during this process, resident fibroblasts also migrated to the site of injury and enclosed the injured tubule via PDGFRO signaling, 25) providing a structural support for the injury site. Administration of trapidil to inhibit PDGFRO signaling hinders fibroblast migration and tubular regeneration, suggesting the supportive roles of fibroblasts for tubular regeneration. 25) Consistent with this, we also demonstrated that genetic depletion of fibroblasts inhibited tubular cell proliferation and hindered normal intrinsic repair in the acute phase of kidney injury. 32) After injury, fibroblasts acquired strong expression of retinaldehyde dehydrogenase 2 (Raldh2, also known as Aldh1a2), a gene that encodes a retinoic acid (RA) synthesizing enzyme, 33) during the transition to myofibroblasts in several kidney injury models. Although RA is an essential molecule for embryogenesis and tissue development including kidney, 33),34) during kidney injury, RA derived from fibroblasts may support tubular regeneration, because the RA receptor . (RAR.) and its target gene, ,B-crystalin, were strongly expressed in proximal tubules after injury and an inverse agonist of RARs significantly attenuated tubular proliferation in vitro. 32) These observations suggested the existence of "regulatory fibroblasts" supporting tubular regeneration and the notion that the development of myofibroblasts is, at least in early phase of injury, an adaptive and transient process of regeneration. They provide structural support and maintain the integrity of the damaged tubules, and enhance proliferation as well as regeneration of the damaged tubules. These studies also suggested a need for better understanding of how myofibroblasts influence other key aspects of pathophysiology of kidney diseases, which will help in further interpreting the meaning of fibrosis and provide a clue to the development of novel therapeutic strategies for kidney diseases.
Resolution of renal fibrosis
Although fibrosis has long been viewed as an irreversible process, accumulating evidence has shown that fibrosis can regress after withdrawal of underlying etiological agents. 17) For instance, in the liver, even in patients with hepatitis B virus (HBV)related cirrhosis, long-term suppression of HBV can result in significant regression of fibrosis and reversal of cirrhosis. 35) Experimental models of fibrosis resolution in the liver have shown that elimination of myofibroblasts is a key step for the onset of fibrosis resolution, as elimination of myofibroblasts precedes degradation of fibrotic ECM and regression of fibrosis. 36),37) Currently, in several tissues, elimination of myofibroblasts is mediated by at least three distinct mechanisms: myofibroblast senescence, 38) apoptosis, 39) and dedifferentiation. 36),37) During normal repair after liver injury, some myofibroblasts undergo senescence or apoptosis and are removed by immune cells, whereas other myofibroblasts escape immune-mediated clearance and dedifferentiate into a less active state. Cell senescence is defined as the irreversible form of cell cycle arrest that can be induced by p53/p21 or p16INK4a/pRb tumor suppressor pathway activation. 40) Senescent cells exhibit a senescence-associated secretory phenotype (SASP) and excrete various chemokines and ECMdegrading enzymes such as matrix metalloproteinases. 38) Although myofibroblasts are cells with high proliferative and ECM-producing capacity, senescent myofibroblasts are in irreversible cell cycle arrest and degrade ECM via SASP. Additionally, senescent myofibroblasts excrete multiple cytokines and chemokines, which recruit immune cells such as natural killer cells and confer susceptibility to immune-cellmediated clearance of senescent cells. 38) Apoptosis of myofibroblasts is also induced and promoted mainly by immune cells, particularly cytotoxic T cells expressing FasL. 41) On the other hand, surviving myofibroblasts, which escape from immune surveillance, as described above, can dedifferentiate and acquire another inactive phenotype. In liver fibrosis models, deactivated myofibroblasts do not completely suppress their pro-fibrotic gene expression and remain in an intermediately primed state, which is able to respond more vigorously than the original quiescent state in response to further episodes of liver injury. 36) , 37) This suggested that recovered livers are likely more susceptible to further injury.
The reversibility of renal fibrosis has also been reported in several experimental models. For instance, bone morphogenic proteins (BMP) 7 can reverse renal fibrosis in several experimental models by antagonizing TGF-O1, a master regulator of myofibroblast differentiation. 42) The local activity of endogenous BMP is regulated by several classes of binding molecules that control BMP signaling activity positively or negatively. 43) We previously identified USAG-1, a kidney specific BMP antagonist, which is abundantly expressed in distal tubules colocalizing with BMP7 in the kidneys. 44) , 45) We also demonstrated that USAG-1-deficient mice were resistant to not only tubular injury but also glomerular injury, 46) ,47) although its expression is confined to distal tubules. These results suggested that USAG-1 secreted from distal tubules might affect extraglomerular mesangial cells through the macula densa, a unique anatomical structure equipped with each nephron, which bridges extraglomerular cells and distal tubular cells. Treatment with a neutralizing antibody against USAG-1 also improved proteinuria and graft function in a rat renal transplantation model. 48) Although receptors for BMP7 are widely expressed throughout the body and unfavorable extra-renal side effects of the administration of BMP7 can be induced, USAG-1 is a kidney-specific gene, and a therapeutic option targeting USAG-1 enables more specific targeting and minimizes adverse effects. However, evidence of the mechanisms for the resolution of renal fibrosis and the fate of myofibroblasts after kidney regeneration are quite limited, and further research will be required.
Age dependent alterations in fibroblast activation
Aging seems to confer a profibrotic and/or proinflammatory phenotype on fibroblasts, which may have a profound impact on disease outcomes. 49),50) Indeed, aged animals have a lower capacity for regeneration and are more susceptible to fibrosis after injury in several tissues. Hecker and colleagues examined the lung injury response of young and aged mice and have found that the lungs of aged mice failed to resolve fibrosis, whereas the lungs of young mice exhibited significant resolution of fibrosis. 49) Myofibroblasts in aged lungs had acquired a apoptosis-resistant phenotype, which was mediated by a redox imbalance resulting from sustained activation of NADPH oxidase 4 (Nox4), an enzyme that generates reactive oxygen species, and impaired capacity to induce Nrf2 anti-oxidant responses. Notably, pharmacological inhibition of Nox4 reset the redox balance and reversed the myofibroblast phenotype, promoting the susceptibility to apoptosis and prolonging survival in aged mice after lung injury. 49) We have also compared kidney injury responses between young and aged mice in three different kidney injury models, and we found that although young mouse kidneys recovered from injury, aged mouse kidneys exhibited fibrosis, tubular injury, and persistent inflammation, 50) which were consistent with the results of clinical studies that showed worse prognosis after kidney injury in the elderly. 51),52) Unexpectedly, we also found that aged mice, but not young mice, developed multiple tertiary lymphoid tissues (TLTs) in the kidney long after injury (Fig. 2) . 50) TLTs are lymphocyte aggregates that are induced at sites of chronic inflammation, and they support T and B lymphocyte proliferation as well as germinal center responses. 53) Of note, the whole architecture of TLTs is supported structurally and functionally by fibroblasts within TLTs. 54) For instance, in aged injured kidney, resident fibroblasts transdifferentiated into several distinct phenotypic fibroblasts, which orchestrated TLT formation (Fig. 3 ). In the initiation of TLT formation in mice, fibroblasts positive for Raldh2 surrounded TLTs and seemed to foster TLT growth. On the other hand, fibroblasts within TLTs were negative for Raldh2 and instead strongly positive for p75 neurotrophin receptor (p75NTR), a marker of neural crest. Some of the p75NTR D fibroblasts inside TLTs acquired the ability to produce the homeostatic chemokines CXCL13 and CCL19, both of which are powerful driving forces for recruiting lymphocytes and are sufficient to drive TLTs. 55), 56) In addition to the reciprocal expression pattern of Raldh2 and p75NTR, in vitro experiments revealed that RA induced p75NTR expression in fibroblasts, indicating the possibility that RA derived from fibroblasts induced p75NTR expression in fibroblasts inside TLTs to become the producer of CXCL13 and CCL19. 50) Subsequently, as the TLTs matured, CD21 D /p75NTR ! follicular dendritic cells (FDCs) emerged as an integral part of the fibroblast network within TLTs. FDC is a conventional stromal cell found in secondary lymphoid organs, which forms B cell area by producing CXCL13 and provides cytokines essential for germinal center reaction, such as B cell-activating factor (BAFF) and IL6. 57) Notably, all these TLT-associated fibroblasts were also lineage labeled in P0-Cre, suggesting that resident fibroblasts in the kidney acquire various phenotypes depending on their microenvironment. 50) Of clinical importance, depletion of TLTs using an anti-CD4 monoclonal antibody GK1.5 resulted in the resolution of inflammation and fibrosis. 50) Additionally, the late administration of dexamethasone, a common immunosuppressive agent, also halted TLT formation and attenuated renal inflammation and fibrosis. These results suggested potential of TLT as a novel therapeutic target of kidney disease in the elderly. Notably, age-dependent TLT formation was also confirmed in human kidneys, and the components are closely similar to those in mice, indicating this phenomenon is conserved across species. 50) One remaining important question to be addressed is why the kidney becomes prone to TLT formation with aging, and further studies will be required.
Conclusion and perspectives
Accumulating evidence has led to the identification of resident fibroblasts in the kidney as a plastic population that can adopt a wide range of phenotypes, from fibrosis-driving myofibroblasts and inflammatory fibroblasts to "regulatory fibroblasts". Given the central roles of myofibroblasts as a driver of CKD progression, as described above, targeting myofibroblasts or their differentiation may hold clinical potential to halt renal fibrosis and its associated pathological conditions. Additionally, accumulating evidence has shown that the same resident fibroblasts in the kidney can acquire distinctive phenotypes depending on their local microenvironmental signals (Fig. 4 ). 6),50),51) Therefore, to achieve a deeper understanding of fibroblastrelated pathophysiology in kidney diseases, the different impacts of the microenvironment should be carefully ascertained for each fibroblast type with a distinct phenotype. Notably, we examined renal fibroblasts in patients with IgG4-related disease, which is characterized by unique storiform fibrosis, 58) and found that fibroblasts and myofibroblasts in this rare disease exhibited strong glucocorticoid receptor expression ( Fig. 4 ). 59) Given that patients with IgG4-related disease respond well to glucocorticoid therapy, it is tempting to speculate that glucocorticoids directly affect fibroblasts and attenuate fibrosis.
Recently, in the field of cancer research, the phenotypic diversity of fibroblasts has been highlighted by scRNA-seq analysis. These studies revealed novel fibroblast populations and prompted a reevaluation of fibroblast identities and functions. 60),61) Likewise, these novel technologies will reveal further heterogeneity among fibroblasts in the kidney and be crucial to facilitate better understanding of the pathophysiology of kidney diseases, and may provide a rational strategy for the treatment of kidney diseases. Fig. 4 . Functional heterogeneity of resident fibroblasts in the kidney. Resident fibroblasts in the kidney are a plastic population that can adopt a wide range of phenotypes dependent on their surrounding microenvironment. 6),11),32),50),51),59) (A) In response to injury, fibroblasts transdifferentiate into myofibroblasts, some of which acquire the ability to produce retinoic acid (RA). Although RA derived from myofibroblasts can support the regeneration of tubular cells, 32) RA in aged injured kidneys additionally promotes the transdifferentiation of fibroblasts into tertiary lymphoid tissue (TLT)-associated fibroblasts, 6),50),51) suggesting that RA signaling in the injured kidney appears to be context dependent. Resident fibroblasts within the TLT produce CXCL13 and CCL19, playing a central role in TLT formation and maintenance. In IgG4-related disease, fibroblasts express strong expression of glucocorticoid receptor. (B) Multiple roles of resident fibroblasts in healthy and diseased kidney. ,SMA: ,-smooth muscle actin, ECM: extracellular matrix, EPO: erythropoietin, GR: glucocorticoid receptor, IgG4-RD: IgG4-related disease, p75NTR: p75 neurotrophin receptor, RALDH: retinaldehyde dehydrogenase.
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